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ABSTRACT			Inelastic	electron	tunneling	and	surface-enhanced	optical	spectroscopies	at	the	molecular	scale	 require	 cryogenic	 local	 temperatures	 even	under	 illumination	–	 conditions	 that	 are	challenging	 to	 achieve	with	plasmonically	 resonant	metallic	 nanostructures.	We	 report	 a	detailed	 study	 of	 the	 laser	 heating	 of	 plasmonically	 active	 nanowires	 at	 substrate	temperatures	 from	 5	 to	 60	 K.	 The	 increase	 of	 the	 local	 temperature	 of	 the	 nanowire	 is	quantified	 by	 a	 bolometric	 approach	 and	 could	 be	 as	 large	 as	 100	 K	 for	 a	 substrate	temperature	of	5	K	and	typical	values	of	 laser	 intensity.	We	also	demonstrate	 that	a	~3×	reduction	of	the	local	temperature	increase	is	possible	by	switching	to	a	sapphire	or	quartz	substrate.	 Finite	 element	 modeling	 of	 the	 heat	 dissipation	 reveals	 that	 the	 local	temperature	increase	of	the	nanowire	at	temperatures	below	~50	K	is	determined	largely	by	 the	 thermal	 boundary	 resistance	 of	 the	 metal–substrate	 interface.	 The	 model	reproduces	 the	 striking	 experimental	 trend	 that	 in	 this	 regime	 the	 temperature	 of	 the	nanowire	 varies	 nonlinearly	 with	 the	 incident	 optical	 power.	 The	 thermal	 boundary	resistance	 is	 demonstrated	 to	 be	 a	 major	 constraint	 on	 reaching	 low	 temperatures	necessary	 to	 perform	 simultaneous	 inelastic	 electron	 tunneling	 and	 surface	 enhanced	Raman	spectroscopies.	
	
KEYWORDS:	 plasmon,	 thermoplasmonics,	 low	 temperatures,	 laser	 heating,	 plasmon	damping,	thermal	boundary	resistance,	molecular	junctions,	nanowire			 Many	 of	 the	 benefits	 that	 can	 be	 derived	 from	 surface	 plasmon	 resonances	 are	associated	with	increased	light	scattering	and	absorption	at	the	resonance	wavelength,	and	that	 absorption	 leads	 to	 an	 increase	 of	 local	 temperature	 of	 the	metal	 and	 surrounding	media.	For	most	common	applications	of	plasmon	resonance	like	molecular	sensing,1,2	sub-wavelength	 field	 manipulation,3–5	 and	 local	 field	 enhancement	 using	 metal	nanostructures,6,7	 heating	 is	 usually	 of	 little	 concern.	 Local	 plasmonic	 heating	 becomes	significant	 in	 isolated	 nanostructures.8	 Plasmon-driven	 heating	 has	 been	 extensively	studied	 at	 room	 temperature	 and	 successfully	 utilized	 for	 targeted	 thermal	 treatment	 of	cancer	tumors,9	driving	chemical	reactions,10	and	control	of	the	material	temperature	with	nanoscale	 localization.11–14	 Local	 plasmon-driven	 temperature	 variation	 has	 also	 been	proposed	as	an	essential	driver	of	photo-induced	changes	in	local	electrostatic	potential.15			At	 low	 temperatures	 the	 optical	 properties	 of	 plasmonic	 nanostructures	 could	 be	strongly	 dependent	 on	 local	 temperature,	 which	 could	 be	 used	 as	 an	 efficient	 control	parameter.16	 On	 the	 other	 hand,	 an	 unaccounted	 increase	 in	 local	 temperature	 is	detrimental	 for	 experiments	 that	 require	 cryogenic	 environments,	 as	 in	 the	 studies	 of	simultaneous	 electron	 tunneling	 and	 surface	 enhanced	 Raman	 spectroscopies	 of	 single	molecule	conductors.17–23	Understanding	the	heat	dissipation,	through	the	quantification	of	plasmonic	heating	in	metal	nanostructures	at	low	temperature,	is	crucial	for	these	kinds	of	experiments.	A	variety	of	mostly	optical	methods	have	been	developed	to	measure	the	optically	driven	 temperature	 increase	 of	 plasmonic	 nanostructures	 at	 or	 above	 room	temperature.24–32	At	low	temperatures,	 T ~ 80 K ,	a	bolometric	method	was	used	to	assess	the	 temperature	 increase	 in	 gold	 nanowire	 attached	 to	 larger	metal	 leads.33	 For	 a	 given	structure	 and	 input	 optical	 power,	 the	 local	 heating	 (a	 few	 Kelvin)	 with	 80	 K	 substrate	temperature	was	approximately	twice	as	large	as	the	local	heating	with	the	environment	at	room	temperature.		Following	this	trend,	one	would	expect	the	local	heating	to	be	further	
increased	when	 the	 sample	 environment	 is	 held	 at	 liquid	 helium	 temperatures.	 	 Several	factors	contribute	to	 the	 larger	 local	 temperature	 increase	and	complicate	 the	analysis	of	thermal	 dissipation	 in	 the	 cryogenic	 environment.	 At	 lower	 overall	 temperatures,	 the	phonon	 thermal	 boundary	 resistance	 that	 arises	 due	 to	 the	 acoustic	 mismatch	 between	interfacing	different	materials	 is	significantly	enhanced,	preventing	efficient	heat	 transfer	through	 the	 metal-substrate	 interface.34	 Analysis	 is	 further	 complicated	 by	 the	 strong	temperature	 dependence	 of	 the	 thermal	 boundary	 resistance	 and	 its	 dependence	 on	 the	surface	quality	of	the	interface.35	Secondly,	the	thermal	conductivity	of	most	materials	has	a	non-linear	and	non-monotonic	temperature	dependence	below	~50	K.		These	effects	can	be	exacerbated	in	some	limits,	such	as	when	heater	size	becomes	comparable	to	the	phonon	mean	free	path,36,37	and	when	low	energy	phonon	availability	is	limited.38	Moreover,	as	the	local	 metal	 temperature	 is	 increased	 and	 induced	 heating	 also	 increases	 due	 to	 the	temperature	dependence	of	the	dielectric	function	of	gold.	These	factors	combine,	leading	to	 a	 significantly	 enhanced	 local	 temperature	 and	 a	 non-linear	 dependence	 of	 local	temperature	on	the	laser	intensity	or	substrate	temperature.		Note	that	in	the	present	work	we	are	not	examining	the	extremely	high	heat	flux	regime	reached	in	ultrafast	pulsed	laser	experiments.	As	a	consequence,	we	consider	the	steady-state	situation	of	quasi-equilibrium	between	 the	 electrons	 and	 the	 lattice,	 such	 that	 it	 is	 reasonable	 to	 describe	 these	 two	systems	as	sharing	a	locally	defined	temperature.	In	 this	work	we	 report	 studies	 of	 plasmon-induced	 local	 heating	 in	Au	nanowires	fabricated	 on	 SiO2/Si,	 sapphire,	 and	 quartz	 substrates,	 using	 a	 similar	 bolometric	measurement	 technique	 as	 in	Ref.	 33,	 but	 extending	 the	 temperature	 range	down	 to	 the	cryogenic	 limit	 of	 interest	 for	 electronic	 spectroscopy	 experiments.	 As	 the	 substrate	temperature	is	reduced	from	60K	to	5K,	the	magnitude	of	plasmonic	heating	increases	and	is	 substantially	 larger	 than	 that	 previously	 reported	 for	 higher	 substrate	 temperatures,	exhibiting	a	strongly	nonlinear	dependence	on	the	incident	optical	power.	 	Finite	element	modeling	 of	 the	 plasmonic	 and	 direct	 optical	 absorption	 and	 heat	 transport	 fully	reproduces	experimental	observations	quantitatively	with	only	one	adjustable	parameter,	the	acoustic	mismatch	 thermal	boundary	resistance	between	the	metal	and	 the	dielectric	substrate.	The	modeling	confirms	that	 the	observed	non-linear	dependence	of	heating	on	laser	 intensity	 results	 from	the	strong	 temperature	dependence	of	 the	 thermal	boundary	
resistance	 between	 metal	 layer	 and	 the	 substrate.	 The	 modeling	 reveals	 that	 the	 local	temperature	in	the	center	of	the	nanowire	is	larger	than	the	volume-average	temperature	that	is	estimated	from	the	bolometric	measurement	of	the	entire	device’s	resistance,	due	to	the	 finite	resistance	of	 the	wider	contact	 leads.	Additionally,	when	the	polarization	of	 the	laser	radiation	is	chosen	such	that	the	plasmon	mode	is	not	excited,	the	local	temperature	of	 the	nanowire	 is	predicted	to	be	 lower	than	that	 inferred	 in	 the	experiment,	due	to	 the	fact	that	wider	leads	have	larger	geometrical	cross	section	compared	to	the	nanowire	itself.			
Results	and	Discussion	Fig.	 1a	 is	 a	 scanning	 electron	 image	 of	 a	 typical	 bowtie	 device	 that	 consists	 of	 a	nanowire	 contacted	 with	 wider	 leads	 that	 provide	 connection	 to	 large	 metal	 pads.	 The	length	of	 the	nanowires	 in	this	work	was	550-600	nm,	with	the	width	chosen	so	that	 the	transverse	plasmon	resonance	of	the	wire	is	excited	by	radiation	of	the	785	nm	CW	diode	laser.	 The	 optimal	 nanowire	width	 for	 each	 substrate	material	 depends	 on	 the	 dielectric	environment	 and	was	 determined	 experimentally.	 The	 Au	 thickness	was	 14	 nm	with	 an	additional	1	nm	Ti	adhesion	layer	and	was	kept	the	same	for	all	devices	studied.	Additional	details	of	the	device	fabrication	can	be	found	in	the	Methods	section.		The	 heating	 of	 the	 nanowire	 under	 laser	 illumination	 was	 measured	 using	 the	bolometric	approach.	The	total	electrical	conductance	of	the	bowtie	structure	is	primarily	limited	 by	 the	 conductance	 of	 nanowire	 constriction,	 because	 the	 width	 of	 the	 fan-out	leads,	 10	 μm,	 is	 significantly	 larger	 than	 the	 width	 of	 the	 nanowire.	 A	 local	 increase	 in	nanowire	temperature	results	in	reduction	of	the	total	conductance.	This	could	be	used	to	evaluate	 the	 heating	 if	 the	 temperature	 dependence	 of	 the	 conductance,	  G T( ) ,	 is	previously	 recorded.	 At	 T ≥ 40 K ,	 knowledge	 of	 the	 dG dT 	is	 sufficient	 to	 calculate	 the	change	 in	 nanowire	 temperature	 because	  G T( ) 	is	 close	 to	 linear	 in	 T.33	 For	 low	temperatures,	 G T( ) 	is	 no	 longer	 linear	 in	 T	 and	 a	 fit	 to	 the	 full,	 empirically	 measured	functional	form G T( ) 	is	necessary	for	an	accurate	 G→ T 	conversion.		
The	 photo-induced	 change	 in	 conductance	 is	 defined	 as	
 
ΔG = G Tdark( )−G Tlight( ) ,	where	 Tdark 	is	the	temperature	of	the	device	without	laser	illumination,	i.e.	the	temperature	of	 the	 substrate,	 and	 Tlight 	is	 a	 temperature	 of	 the	 nanowire	 under	 laser	 light.	 ΔG 	was	measured	by	 a	 lock-in	 amplifier,	which	was	 synced	 to	 a	mechanical	 chopper	modulating	laser	 light	 intensity	at	339	Hz.	 	At	 this	 frequency	 thermalization	occurs	much	 faster	 than	the	period	of	 laser	 intensity	modulation.39,40	The	devices	were	biased	at	5	mV	DC	for	this	measurement.	 We	 verified	 that	 DC	 bias	 up	 to	 20	 mV	 was	 small	 enough	 to	 produce	negligible	change	in	device	temperature	compared	to	the	effects	of	laser	heating.	A	second	lock-in	 amplifier	was	 synced	 to	 the	3	mV	AC	bias	at	439	Hz	and	was	measuring	 the	 total	conductance	of	the	device.	When	laser	radiation	is	blocked	this	lock-in	amplifier	measures,	
 G Tdark( ) and	 which	 was	 recorded	 during	 cool-down.	 Knowledge	 of	 G Tdark( ) 	and	 ΔG 	is	sufficient	to	calculate	the	effective	temperature	increase,	 ΔT = Tlight −Tdark ,	of	the	nanowire	due	to	laser	illumination,	provided	that	the	total	conductance	of	the	device	is	determined	by	the	conductance	of	the	nanowire	and	the	thermal	gradient	is	negligible.	This	assumption	is	 equivalent	 to	 saying	 that	
 
G Tdark( ) = G Tlight( ) ,	 when	  Tdark = Tlight .	 Limitations	 of	 this	approach	are	 revealed	by	numerical	 calculations	and	discussed	 later.	Additionally,	 under	the	 chopped	 laser	 illumination	 the	 second	 lock-in	 amplifier	 measures	 the	 average	 of	
 G Tdark( ) 	and	  G Tlight( ) 	because	 we	 used	 a	 lock-in	 time	 constant	 of	 100	 ms,	 which	 is	considerably	 larger	 than	 the	period	of	 the	 laser	 intensity	modulation.	This	measurement	offers	 a	 second	 method	 to	 calculate	 the	 temperature	 increase.	 The	 ΔT 	calculated	 from	these	two	measurements	agree	within	0.25	K	and	were	carried	out	as	an	additional	cross	check	 during	 data	 analysis.	 In	 the	 main	 text	 we	 report	 the	 ΔT 	obtained	 using	 the	 first	method,	as	it	produced	data	with	a	better	signal	to	noise	ratio.	Heating	was	observed	in	all	90	 fabricated	 devices	 and	 detailed	 measurements	 for	 different	 substrate	 temperatures,	laser	powers,	and	polarizations	were	performed	for	21	of	these.			Results	 of	 the	 polarization	 dependent	 ΔT 	measurement	 for	 nanowires	 fabricated	on	 the	SiO2/Si	 substrate	are	demonstrated	 in	Fig.	1b	 for	varying	 substrate	 temperatures.	
The	 angular	 dependence	 of	 ΔT 	is	 determined	by	 a	 sum	of	 the	 cos2 θ( ) 	contribution	 from	
transverse	 plasmon	 resonance,	 with	 maximum	 close	 to	  θ = 90° ,	 and	 non-resonant	absorption	of	laser	radiation	that	determines	heating	at	 θ = 0° .			(Because	the	metal	system	is	 essentially	 infinite	 in	 extent	 along	 the	 θ = 0° 	direction,	 there	 is	 no	 longitudinal	 local	plasmon	 resonance	 to	 be	 excited	 with	 that	 incident	 polarization.)	 As	 the	 substrate	temperature	 decreases	 from	 60	 K	 to	 5	 K,	 the	 laser	 induced	 heating	 increases	 reaching	almost	100	K	at	 θ = 90° .	Fig.	1b	demonstrates	experimental	results	for	the	laser	intensity	of	180	kW/cm2	(averaged	over	the	beam	spot),	which	corresponds	to	4.5	mW	–	a	typical	laser	power	 used	 in	 surface-enhanced	 Raman	 spectroscopy	 (see	 SI	 for	 data	 at	 other	 intensity	levels).41–43	 In	 addition	 to	 the	 substantial	 heating,	 the	 shape	 of	 the	 ΔT θ( ) 	evolves	 as	 the	substrate	 temperature	 is	 reduced.	 This	 can	 be	 readily	 seen	 from	 comparing	 the	
 ΔT 90( ) / ΔT 0( ) 	ratio:	 for	 T = 5 K 	the	 ratio	 is	 1.8	 and	 at	 T = 60 K the	 ratio	 is	 2.3.	 The	dependence	of	 ΔT on	 laser	 intensity	 is	 also	non-trivial	 and	 is	demonstrated	 in	Fig.	1c.	At	
 T = 75K ,	 ΔT 	increases	almost	 linearly	with	 laser	 intensity.	As	the	substrate	temperature	is	reduced,	 the	 ΔT 	at	 low	intensity	 levels	demonstrates	a	sharp	non-linear	upturn	before	leveling	 into	 an	 approximately	 linear	 dependence	 with	 similar	 slopes	 for	 different	substrate	 temperatures.	 When	 the	 absolute	 local	 temperature	 (substrate	 temperature	 T	plus	 local	 ΔT 	from	 the	 heating)	 of	 the	 device	 exceeds	~	 50	 K	 (region	where	 the	 data	 is	linear	in	Fig	1c),	the	absolute	local	temperature	as	a	function	of	incident	intensity	becomes	linear	 (see	 Fig.	 S2).	 As	 a	 result	 of	 the	 nonlinear	 dependence	 of	 ΔT 	on	 intensity	 at	 low	temperatures,	 in	 the	 high	 intensity	 limit	 the	 absolute	 temperature	 range	 is	 much	 more	limited	(extending	from	130	K	to	150	K)	than	the	initial	substrate	temperature	range	(from	5	 K	 to	 75	 K).	 	 We	 choose	 to	 plot	 the	 data	 in	 terms	 of	 the	 local	 heating	 amount	 ΔT 	to	emphasize	the	physics	limiting	the	heat	transfer	from	the	optically	heated	metal.		
	
Figure	 1.	 Temperature	 increase	 for	 bowties	 fabricated	 on	 the	 SiO2/Si	 substrate:	 (a)	Scanning	electron	microscope	(SEM)	image	of	a	typical	device.	Width	of	the	device	is	138	±	5	 nm,	 length	 is	 600	±	 30	nm,	Au	 thickness	 is	 14	nm	plus	 1	 nm	of	Ti	 adhesion	 layer.	 (b)	Polarization	 dependence	 of	 the	 light-driven	 temperature	 increase	 at	 different	 substrate	temperatures	 for	 180	 kW/cm2	laser	 intensity,	with	 785	 nm	 incident	wavelength	 and	 the	laser	focal	spot	diameter	 is	1.8	μm.	 	(c)	Dependence	of	the	temperature	increase	on	laser	intensity.	Lines	through	data	points	serve	as	a	guide	to	the	eye.	
	 The	 steady-state	 temperature	 of	 the	 nanowire	 under	 CW	 laser	 illumination	 is	determined	by	the	efficiency	of	the	thermal	transfer	 from	the	nanowire	to	the	fan-out	Au	electrodes	and	to	the	substrate.		The	thermal	conductivities	of	the	gold	film,	substrate,	and	the	 thermal	 boundary	 resistance,	  Rbd ,	 between	 metal	 and	 substrate	 are	 therefore	parameters	 that	 determines	 the	 final	 nanowire	 temperature.	 The	 thermal	 boundary	resistance,	 well	 known	 in	 low	 temperature	 physics	 circles	 but	 not	 as	 familiar	 to	 the	plasmonics	 community,	 arises	 due	 to	 the	 differences	 in	 electronic	 and	 vibrational	properties	 between	 interfacing	 materials	 and	 increases	 as	 temperature	 is	 reduced.	 For	solid-solid	interfaces	it	is	well	approximated	by	an	acoustic	mismatch	model	that	predicts	inverse	 cubic	 temperature	 dependence.34	 The	 effects	 of	 thermal	 boundary	 resistance	 on	heat	dissipation	 from	metal	nanostructures	at	room	temperature	 is	very	small	and	 is	not	usually	included	in	modeling.44	At	low	temperatures,	however,	inclusion	of	this	physics	is	crucial	for	development	of	accurate	models.	A	 large	 local	 temperature	 approaching	 100	 K	 is	 undesirable	 for	 cryogenic	applications,	but	could	of	course	be	reduced	to	an	acceptable	level	by	decreasing	the	laser	intensity,	at	 the	cost	of	decreased	signal	 from	any	optical	measurement.	To	 find	which	of	the	material	properties	contribute	the	most	to	the	large	light-driven	temperature	increase	we	performed	a	model	numerical	calculation	to	estimate	the	magnitude	and	trends	of	the	observed	effects.	We	note	 that	 temperature	 increase	due	 to	plasmonic	excitation	 is	 large	compared	 to	 the	 substrate	 temperature	 and	 occurs	 over	 the	 range	 where	 the	 thermal	conductivity,	 κ T( ) ,	electrical	conductivity,	 σ T( ) ,	and	thermal	boundary	resistance,	 Rbd T( ) ,	of	 the	 various	materials	 all	 have	non-linear	 temperature	dependences.	This	prevents	 the	development	 of	 a	 simple	 analytical	 solution,	 and	 a	 numerical	 solution	 of	 the	 heat	dissipation	problem	is	required.	
	
Figure	 2.	 (a)	Simulation	of	 the	 temperature	 increase	 in	 the	center	of	 the	nanowire	using	experimental	 parameters	 from	 Fig.	 1c	 at	 different	 substrate	 (200	 nm	 SiO2	 on	 Si)	temperatures	 (5-60	 K)	 without	 including	 the	 thermal	 boundary	 resistance.	 Solid	 lines	depict	 result	 of	 the	 calculations	 including	 the	 full	 coupling	 (FC)	 between	 the	 local	temperature	 and	 temperature-dependent	 dielectric	 properties	 of	 gold,	 and	 dashed	 lines	without	including	the	temperature	dependence	of	the	gold	dielectric	function	(w/o	FC).	(b)	Evaluation	of	the	effects	of	the	thermal	boundary	resistance	on	the	temperature	increase.	Calculations	are	performed	without	FC	at	 Tsbstr = 5K .			 Finite-element	numerical	modeling	was	performed	using	the	COMSOL	Multiphysics,	v5.1	 software	 suite.	 The	 3D	 model	 included	 an	 option	 of	 the	 full	 coupling	 of	electromagnetic	and	heat	transfer	equations.	This	approach	allowed	us	to	take	into	account	the	 temperature	 dependence	 of	 Au,	 Si,	 SiO2,	 sapphire	 thermal	 conductivities	 and	 the	 Au	dielectric	 function.16,45,46	 The	 numerical	 model,	 Fig.	 2,	 successfully	 reproduces	 the	experimental	observation	of	 the	non-linear	dependence	of	heating	on	 laser	 intensity	 and	the	evolution	towards	 linearity	at	 large	substrate	temperature,	 for	 the	200	nm	SiO2	on	Si	substrate.	We	first	consider	the	case	without	including	a	thermal	boundary	resistance.		We	run	 two	 versions	 of	 the	 calculation.	 	 In	 the	 full	 coupling	 (FC)	 model,	 we	 start	 with	 the	dielectric	 function	 for	 the	gold	at	 the	 initial	 and	uniform	 temperature,	 ε Au Tinit( ) .	We	 then	iterate,	solving	the	electromagnetic	and	thermal	transport	problems	together	with	the	local	
 ε Au T( ) 	evaluated	at	each	step	and	at	every	mesh	element,	until	the	system	converges	to	the	
final	steady-state	temperature	distribution.	In	the	no-FC	calculation,	we	use	 ε Au Tinit( ) 	all	the	time.	Fig	2a	demonstrates	that	the	model	without	FC	underestimates	the	 ΔT 	at	large	laser	intensity	as	it	does	not	take	into	account	changes	in	dielectric	function	of	gold	as	the	metal	temperature	is	increased.	At	low	laser	intensity,	when	the	 ΔT 	is	small,	both	models	predict	similar	 local	temperature,	which	justifies	the	use	of	the	model	without	FC	for	 ΔT 	smaller	than	~50	K.	 Incorporation	 of	 the	 thermal	 boundary	 resistance	 in	 the	model	 leads	 to	 the	increased ΔT ;	 however	 this	 effect	 is	 significant	 only	 for	 ΔT < 50K ,	 Fig.	 2b.	 The	 best	agreement	 with	 the	 experimental	 data	 is	 obtained	 for	 RbdT 3 ~ 102 K 4cm2 W .	 Comparison	with	 previously	 published	 data	 is	 difficult	 due	 to	 the	 fact	 that	 exact	 value	 of	 Rbd T( ) 	depends	 on	 the	 surface	 quality	 and	 metal	 deposition	 parameters.34,47,48	 While	 more	sophisticated	models	are	possible,	the	minimalistic	numerical	model	without	full	coupling	calculation,	 but	 including	 the	 thermal	 boundary	 resistance,	 is	 sufficient	 to	 reproduce	 the	observed	experimental	trends.				 The	simulation	predicts	that	the	peak	temperature	rise	in	the	center	of	the	wire	is	larger	than	the	area-averaged	temperature	rise	 inferred	from	the	total	resistance	change.		This	is	not	surprising,	given	that	the	total	device	resistance	is	not	given	by	that	of	the	wire	alone,	but	includes	a	contribution	from	the	larger	contact	regions	near	the	wire	that	remain	at	the	substrate	temperature.	The	discrepancy	between	the	true	local	temperature	rise	and	the	temperature	change	inferred	from	the	total	resistance	would	therefore	be	more	severe	in	longer	wire	geometries,	and	could	be	minimized	by	optimization	of	device	geometry				
	
Figure	 3.	 (a)	 Local	 temperature	 increase	 along	 the	 center	 of	 the	 device	 fabricated	 on	SiO2/Si	 substrate	 (red	 dashed	 line	 in	 the	 inset	 simulation	 geometry	 schematics)	 for	different	substrate	temperatures	(5	-	60	K)	and	transverse	light	polarization.	(b)	The	same	as	 in	 (a),	 but	 with	 longitudinal	 polarization.	 (c),	 (d)	 3D	  ΔT 	distribution	 maps	corresponding	 to	 the	 Tsbstr = 5K 	from	 (a)	 and	 (b)	 respectively.	 The	 temperature	 profile	inside	 the	 gold	 film	 is	 essentially	 uniform	 in	 the	 vertical	 direction.	 Calculations	 were	performed	using	the	model	without	full	coupling	as	in	Fig.	2a.			Fig.	 3	 shows	 the	 calculated	 temperature	 distribution	 along	 the	 center	 of	 the	nanowire	and	in	3D	for	the	SiO2/Si	substrate.	In	the	case	of	the	transverse	plasmon	mode	excitation,	 θ = 90° ,	the	maximum	temperature	is	located	in	the	center	of	the	nanowire	and	the	overall	heat	distribution	map	resembles	 that	of	 the	heat	dissipation	 from	a	point	 like	
heat	source.	The	region	of	elevated	temperature	extends	beyond	the	length	of	the	nanowire	for	 two	reasons.	Firstly,	due	 to	 the	presence	of	 thermal	boundary	resistance	and	 the	 fact	that	 thermal	 conductivity	 of	 gold	 is	 larger	 than	 that	 of	 SiO2,	 there	 is	 a	 lateral	 thermal	pathway	 through	 the	 gold	 film	 adjacent	 to	 the	 nanowire	 to	 the	 substrate,	 in	 addition	 to	direct	heat	transfer	from	the	gold	nanowire	into	the	adjacent	substrate.	Secondly,	the	laser	spot	is	larger	than	the	length	of	the	nanowire,	which	results	in	some	heating	due	the	direct	absorption	of	laser	radiation	by	the	gold	film	of	the	electrodes.	When	the	plasmon	mode	is	not	 excited,	 θ = 0° ,	 the	 nanowire	 has	 a	 lower	 temperature	 than	 the	 adjacent	 area	 of	 the	fan-out	 leads.	Recall	 that	 the	extended	 (effectively	 infinite)	nature	of	 the	metal	 along	 the	
 θ = 0° 	direction	means	that	there	is	no	local	plasmon	to	be	excited	with	this	polarization.	The	more	complex	temperature	profile	occurs	because	in	the	absence	of	plasmon	excitation	the	heating	is	now	caused	by	direct	absorption	of	laser	radiation	by	gold	film	alone,	which	is	determined	by	 the	geometrical	overlap	between	 the	metal	 film	and	 the	 laser	 spot.	 For	this	temperature	distribution	the	bolometric	measurement	should	overestimate	the	 ΔT 	of	the	 nanowire	 as	 the	 area	 adjacent	 to	 the	 nanowire	 has	 higher	 resistance.	 The	 peaks	 in	
 ΔT d( ) 	visible	in	Fig.	3a	and	3b	are	robust	features	of	the	simulation,	insensitive	to	changes	in	finite	element	meshing	or	the	simulation	space	size,	and	likely	result	from	interference	between	 propagating	 plasmon	 modes	 excited	 from	 the	 edges	 of	 the	 metal	 (see	 SI	 for	calculation	 results	 in	 different	 simulation	 geometries).	 Due	 to	 the	 computational	complexity	 when	 considering	 polarization	 not	 along	 structural	 symmetry	 directions,	 we	did	not	perform	detailed	calculations	at	other	polarization	angles.	However,	based	on	the	two	 angles	 examined,	 we	 infer	 that	 evolution	 of	 the	 shape	 of	 ΔT θ( ) 	as	 the	 substrate	temperature	is	increased	is	likely	to	be	caused	by	the	effects	of	the	changing	temperature	distribution.	This	and	the	fact	that	heating	of	the	connecting	electrodes	leads	to	a	difference	between	 the	 inferred	ΔT 	and	 actual	 local	 nanowire	 temperature	 further	 highlights	 the	need	 for	 detailed	 calculations	 of	 heat	 dissipation	 if	 a	 precise	 determination	 of	 the	 local	temperature	is	a	necessity.	 	
	
Figure	 4.	 Polarization	 dependence	 of	 the	 temperature	 increase	 for	 nanowire	 devices	fabricated	on	the	sapphire,	(a),	and	quartz,	(b),	substrates.	Data	is	shown	for	laser	intensity	of	180	kW/cm2.	Additional	data	at	other	intensity	levels	is	available	in	SI.			 Simulations	suggest	that	 for	nanowires	fabricated	on	thermally	oxidized	Si	wafers,	the	 heat	 dissipation	 is	 primarily	 governed	 by	 the	 low	 thermal	 conductivity	 of	 SiO2.	Motivated	 by	 the	 desire	 to	 reduce	 the	 unwanted	 heating	 under	 laser	 illumination,	 we	fabricated	 sets	 of	 devices	 on	 sapphire	 and	 quartz	 substrates.	 Switching	 to	 single-crystal	substrates	resulted	in	a	threefold	reduction	of	 ΔT 	under	the	same	level	of	laser	intensity,	as	 demonstrated	 in	 Fig.	 4.	 We	 attribute	 small	 differences	 in	ΔT θ( ) 	between	 quartz	 and	sapphire	substrate	to	the	geometrical	variations	between	different	devices.	The	nanowire	width	 on	 the	 sapphire	 substrate	 was	 reduced	 to	 120	 ±	 5	 nm	 to	 maintain	 the	 plasmon	resonance	at	a	free	space	incident	wavelength	of	785	nm.	The	polarization	dependence	of	the	 ΔT 	on	 sapphire	 and	quartz	 substrates	 is	 similar	 to	 that	 on	 the	 SiO2/Si.	Again,	 as	 the	substrate	temperature	is	reduced,	the	shape	of	the	polarization	dependence	becomes	more	circular	for	both	substrate	materials.			
	
Figure	 5.	 (a)	Dependence	of	 the	 temperature	 increase	of	 the	nanowire	on	 laser	 intensity	for	the	nanowire	fabricated	on	a	sapphire	substrate.	Laser	polarization	is	set	perpendicular	to	the	nanowire,	 θ = 90° .	(b)	Results	of	the	numerical	simulation	using	the	same	geometry	as	 in	 (a)	 for	 different	 substrate	 temperatures	 (5	 -	 60	 K).	 The	 case	 without	 the	 thermal	boundary	resistance,	dashed	line,	is	calculated	for	 Tsbstr = 5K .	Calculations	were	performed	using	model	without	full	coupling.				 The	 dependence	 of	 the	 ΔT 	on	 the	 laser	 intensity	 for	 sapphire	 substrate,	 Fig.	 5a,	displays	 the	 same	 qualitative	 features	 as	 was	 demonstrated	 in	 Fig.	1c	 for	 the	 SiO2/Si	substrate.	 At	 Tsbstr = 5K 	the	 thermal	 conductivity	 of	 sapphire	 and	 crystalline	 quartz	 is	~103×	larger	than	that	of	amorphous	SiO2	at	this	temperature;	however,	the	 ΔT 	is	reduced	only	by	a	 factor	of	around	three.	This	suggests	 that	 it	 is	 the	 thermal	boundary	resistance	rather	 than	 the	 bulk	 sapphire	 thermal	 conduction	 that	 plays	 the	 key	 role	 for	 limiting	thermal	 transport	 out	 of	 devices	 fabricated	 on	 the	 sapphire	 and	 quartz.	 Indeed,	without	addition	of	the	thermal	boundary	resistance	the	predicted	heating	is	less	than	3	K,	Fig.	5b.	The	 magnitude	 of	 the	 calculated	 temperature	 increase	 strongly	 depends	 on	 the	 chosen	value	 for	 the	 Rbd.	 Calculation	 results	 demonstrated	 in	 Fig.	 5b	 were	 obtained	 with	 the	
 RbdT
3 = 20 K 4cm2 W ,	which	is	close	to	the	theoretically	predicted	 19 K 4cm2 W .35	Results	of	the	calculations	at	other	values	of	the	Rbd	are	demonstrated	in	SI.		We	emphasize	that	this	acoustic	mismatch	boundary	resistance	contribution	must	be	present	due	to	the	different	acoustic	properties	of	the	metal	nanowire	and	dielectric	substrate.	
We	 now	 consider	 possible	 additions	 to	 our	model.	 	 Our	 thermal	 transport	model	assumes	validity	of	the	Fourier	law	throughout	the	whole	temperature	range	studied.	If	the	phonon	 mean	 free	 path	 exceeds	 the	 characteristic	 size	 of	 the	 heater,	 the	 ballistic	 heat	transfer	 should	 be	 considered.36	 It	 was	 demonstrated	 that	 this	 effect	 could	 be	approximated	 as	 a	 reduction	 of	 the	 bulk	 thermal	 conductivity	 and	 could	 potentially	contribute	 to	 the	 additional	 heating	 not	 accounted	 by	 our	 model.37	 We	 explored	 this	possibility	 by	 performing	 a	 set	 of	 test	 calculations	with	 reduced	 thermal	 conductivity	 of	sapphire	by	as	much	as	a	factor	of	10	and	did	not	find	this	effect	to	be	significant	compared	to	the	effect	of	the	inclusion	of	the	thermal	boundary	resistance	(see	SI	for	details).	Another	possibility	 for	 additional	 heating	 in	 electronic	 components	 operating	 at	 cryogenic	temperature	is	the	relative	scarcity	of	low-energy	phonons	necessary	for	heat	dissipation.38	As	a	result,	 local	 temperature	 is	elevated	until	high-energy	modes	are	populated	and	can	dissipate	heat	at	the	required	rate.	Our	simulations	predict	that	the	temperature	increase	of	the	sapphire	substrate	immediately	adjacent	to	the	nanowire	is	below	~0.5K	(see	SI	for	details).	 Inclusion	 of	 the	 self-heating	 effect	 in	 the	 model	 would	 therefore	 constitute	 a	second	 order	 correction,	 difficult	 to	 discern	 at	 present	 as	 this	 temperature	 increase	 is	comparable	to	the	experimental	precision	and	device-to-device	variation.		
Conclusion	We	 demonstrate	 a	 significant	 increase	 in	 the	 local	 temperature	 of	 plasmonically	active	Au	nanowires	under	resonant	laser	radiation	at	low	temperatures,	with	a	nontrivial	dependence	on	substrate	temperature	and	incident	laser	intensity	and	polarization.	Using	full	 numerical	 modeling	 of	 the	 optical	 heat	 generation	 and	 thermal	 transport	 in	 these	structures,	 we	 verify	 that	 the	 non-linearity	 in	 the	 laser	 intensity	 dependence	 of	 the	temperature	 change	 is	 due	 to	 the	 non-linear	 temperature	 dependence	 of	 the	 relevant	material	 properties.	 Our	 model	 and	 experimental	 results	 confirm	 that	 the	 thermal	boundary	resistance	at	the	metal-substrate	interface	is	a	key	parameter	that	limits	thermal	transport	out	of	the	metal	nanostructure	and	determines	the	temperature	increase	at	low	temperature	and	low	laser	intensity.	We	stress	the	importance	of	the	numerical	modeling,	as	it	highlights	that	the	finite	resistance	of	the	leads	connecting	the	nanowires	introduces	a	systematic	 error	 in	 the	 bolometric	 detection	 scheme	 that	 either	 underestimates	 or	
overestimates	 the	 actual	 local	 temperature.	We	 report	 a	 threefold	 reduction	 in	 optically	driven	 temperature	 elevation	by	 switching	 to	 the	 sapphire	 substrate	 from	 thermal	 oxide	covered	 silicon	 wafers.	 This	 reduction	 is	 important	 in	 light	 of	 the	 fact	 that	 substantial	temperature	 increase	 could	 lead	 to	 an	 unwanted	 thermal	 expansion	 in	 nanowires	containing	 nanoscale	 gaps	 and	 undermine	 future	 single	molecule	 transport	 experiments	under	laser	radiation	that	require	a	cryogenic	environment.		
	
Methods	Experiments	were	performed	in	a	home-built	scanning	Raman	microscope	equipped	with	 an	 optical	 cryostat	 (Montana	 Instruments).33,49	 The	 devices	 were	 kept	 under	 high	vacuum	 (<10-7	 bar)	 during	 the	measurement.	 Polarization	 of	 laser	 radiation	was	 rotated	using	a	half-wave	plate,	with	0°	polarization	defined	as	when	the	electric	field	is	oriented	along	 the	 nanowire	 (pointing	 from	 one	 large	 electrode	 to	 the	 other).	 Each	 device	 was	biased	 through	 the	 summing	 amplifier	 by	 a	 combination	 of	 small	 AC	 and	DC	 voltages	 to	measure	electrical	properties	of	the	devices	under	laser	illumination.	
Device	 fabrication.	 Sapphire	 (C-plane),	 quartz	 (Y-cut)	 (MTI	 Corp),	 and	 n-type	 Si	wafers	 with	 a	 200	nm	 thermally	 grown	 oxide	 layer	 (NIST)	 were	 used	 as	 substrates	 for	bowtie	devices.	After	shadow-mask	evaporation	of	the	Au/Ti	contact	pads	with	45nm/5nm	thickness,	smaller	features	were	fabricated	using	standard	e-beam	lithography	techniques.	Each	 chip	 contained	 24	 bowtie	 devices	 that	 share	 common	 ground.	 For	 insulating	substrates	an	additional	6nm	chromium	conductive	layer	was	thermally	evaporated	on	top	of	the	PSSA/PMMA	layer	to	reduce	charging	during	e-beam	lithography.	A	9%	solution	of	poly(4-styrenesulfonic	acid)	(PSSA)	in	water	was	used	as	a	spacer	between	the	chromium	and	PMMA.	The	chromium	layer	was	removed	after	e-beam	writing	by	dissolving	PSSA	in	water.	 After	 development	 the	 samples	 were	 oxygen	 plasma	 cleaned	 in	 the	 reactive	 ion	etcher	for	5	sec	to	remove	PMMA	residue.	The	final	deposition	of	14nm/1nm	Au/Ti	layer	was	performed	using	e-beam	evaporation.	Samples	were	mounted	on	the	chip	carrier	using	Apiezon	N	thermal	grease	and	wire	bonded	using	25	μm	gold	wires.	
Simulation	model.	A	Gaussian	beam	was	set	as	electromagnetic	source	to	 interact	with	 the	 metallic	 junction	 placed	 on	 either	 SiO2/Si	 or	 sapphire	 substrates.	 The	 bowtie	geometry	was	reproduced	up	to	3	μm	from	the	center	of	the	junction,	a	size	limitation	large	
enough	 to	 avoid	 finite	 simulation-space	 effects	 while	 remaining	 relatively	 quick	 to	compute.	 The	 four-fold	 symmetry	 of	 the	 geometry	 was	 leveraged	 for	 computational	efficiency	 and	 calculations	were	performed	only	over	one	quadrant	of	 the	 structure.	The	simulation	 domain	 was	 truncated	 by	 employing	 Perfectly	 Matched	 Layers	 and	 Infinite	Element	Domain	for	the	heat	transfer	module.	The	results	of	the	simulation	are	not	affected	by	the	reduction	of	the	simulation	geometry,	since	the	beam	size	limits	the	electromagnetic	interaction	 area.	The	 final	 temperature	pattern	 in	 the	whole	device	was	 calculated	using	the	 electromagnetic	 dissipation	 (from	 Maxwell’s	 equations)	 as	 the	 heating	 source	distribution	 for	 heat	 transfer	 equations.	 The	 thermal	 conductivity	 for	 Au	was	 calculated	from	the	Wiedemann-Franz	 law	and	agrees	well	with	the	previously	published	data	 for	a	16nm	thick	Au	 film.50	The	1nm	Ti	adhesion	 layer	 is	not	 included	 in	 the	model	(see	SI	 for	discussion	of	this	and	ΔT	calculations	with	1nm	Ti	layer).	
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Fig.	 S1.	 	 SEM	 images	 of	 devices	 fabricated	 on	 quartz	 (top)	 and	 sapphire	 substrates	(bottom).	 The	 device	 width	 is	 138	 ±	 5	 nm	 and	 120	 ±	 5	 nm	 respectively.	 The	 images	correspond	 to	 the	devices	 for	which	 the	data	 is	 presented	 in	main	 text	 of	 the	paper	 and	here.		
	
	
	
Fig.	 S2	 Dependence	 of	 the	 total	 temperature	 of	 the	 device	 on	 laser	 intensity	 for	 SiO2/Si	substrate.	Data	is	replotted	from	Fig	1c	in	the	main	text.		 	
		
	
	
Fig.	 S3.	 Polarization	dependence	of	 the	 inferred	 average	nanowire	 temperature	 increase	for	 devices	 fabricated	 on	 SiO2/Si	 substrate	 at	 different	 substrate	 temperatures	 (5–60	 K)	and	laser	intensity	(60–300	kW/cm2).	
	
	
Fig.	 S4.	 Polarization	dependence	of	 the	 inferred	 average	nanowire	 temperature	 increase	for	devices	fabricated	on	sapphire	substrate	at	different	substrate	temperatures	(5–60	K)	and	laser	intensity	(60–300	kW/cm2).	
	
	
	
Fig.	 S5.	 Polarization	dependence	of	 the	 inferred	 average	nanowire	 temperature	 increase	for	devices	fabricated	on	quartz	substrate	at	different	substrate	temperatures	(5–60	K)	and	laser	intensity	(60–300	kW/cm2).	
	
Fig.	 S6.	 Temperature	 dependent	 material	 properties	 that	 were	 used	 in	 the	 model:	 	 (a)	thermal	conductivity	of	14nm	gold	film	calculated	using	a	Wiedemann-Franz	law,	(b)	real	and	 imaginary	 part	 of	 the	 dielectric	 constant	 of	 gold,	 calculated	 following	 the	 method	outlined	 in	 Ref.	 1,	 (c)	 	 thermal	 conductivity	 of	 bulk	 Si,2	 (d)	 thermal	 conductivity	 of	amorphous	 SiO2,3,4	 	 (e)	 thermal	 conductivity	 of	 bulk	 sapphire	 crystal,5	 (f)	 theoretical	prediction	of	the	thermal	boundary	resistance	based	on	the	acoustic	mismatch	model.6		
		
	
Fig.	S7.	Robustness	of	the	observed	oscillations	in	the	 ΔT d( ) 	against	changes	in	simulation	geometry:	(a)	Intensity	distribution	of	the	electric	field	(V/m)	for	data	displayed	in	the	Fig.	3b	of	the	main	text;		(b)	the	same,	but	with	a	longer	connecting	pad;	(c)	the	same	as	in	(a),	but	with	a	finer	mesh;	(d)	the	same	as	in	(b),	but	with	a	wider	connection	pad.									
		
	
Fig.	S8.	Effect	of	the	different	SiO2	thickness	on	the	observed	oscillations	in	the	 ΔT d( ) :	(a,	b)	Intensity	distribution	of	the	electric	field	and	surface	resistive	losses	for	data	displayed	
in	the	Fig.	3b	of	the	main	text,	SiO2	thickness	is	200	nm;		(c,	d)	the	same,	but	with	400	nm	SiO2	layer	thickness;	(e,	f)	the	same,	but	with	600	nm	SiO2	layer	thickness;	
	
Fig.	 S9.	 Comparison	 of	 the	 experimental	 data	 for	 sapphire	 substrate	 laser	 intensity	dependence	with	calculation	results	 for	RbdT3	 in	the	range	from	10	to	30	K4cm2/W	and	at	different	substrate	temperatures	(5–60	K).	 	Recall	that	the	temperature	inferred	from	the	bolometric	approach	for	polarization	of	90o	underestimates	the	true	local	temperature.		The	choice	of	the	exact	value	for	the	Rbd	significantly	influences	the	predicted	temperature	rice	due	to	 laser	 illumination.	 	The	acoustic	mismatch	model	sets	 the	 lower	boundary	for	the	 value	 of	 Rbd.	 A	 large	 volume	 of	 experimental	 evidence	 suggests	 that	 for	 solid-solid	interfaces	Rbd	is	usually	larger	than	predicted	by	theory.6	The	value	for	the	upper	boundary	we	 can	 deduce	 from	 the	 following	 argument.	 The	 cubic	 temperature	 dependence	 as	predicted	by	the	acoustic	mismatch	model	was	demonstrated	to	be	a	good	approximation	
only	 up	 to	 T ~ 30 K .7	 Above	 this	 temperature	 the	 thermal	 boundary	 resistance	 is	 larger	than	predicted	by	a	cubic	temperature	dependence,	which	should	lead	to	calculations	that	underestimate	 the	 temperature	 increase	 at	 Tsbstr	 >	 45	 K.	 This	 is	 already	 evident	 for	
 RbdT
3 = 30 K 4cm2 W .	We,	 therefore,	conclude	that	 the	RbdT3	in	our	experimental	system	is	within	 the	 19	 and	 30	K4cm2/W.	This	 uncertainty	 leads	 to	 a	 ~5K	 error	 in	 the	 calculated	temperature	increase,	which	given	the	magnitude	of	 ΔT 	constitutes	only	a	~10%	error.		
	
Fig.	 S10.	 Temperature	 variation	 along	 the	 vertical	 line	 going	 through	 the	 center	 of	 the	nanowire	 into	 sapphire	 substrate.	 Inset	 is	 a	 zoom	 in	on	 the	bottom	section	of	 the	 figure.	The	data	corresponds	to	the	laser	intensity	of	100	kW/cm2	and	Tsbstr	=	5K	demonstrated	in	Fig	5b	in	the	main	text.						
	
Fig.	 S11.	 Demonstration	 of	 the	 minimal	 effect	 of	 the	 reduction	 of	 the	 bulk	 of	 thermal	conductivity	of	 sapphire	substrate	on	 temperature	 increase	 for	a	model	without,	 (a),	and	with,	(b),	thermal	boundary	resistance.		 	
Remarks	regarding	the	omission	of	the	1	nm	Ti	adhesion	layer	from	the	model	
	We	chose	not	to	include	the	adhesion	Ti	layer	in	the	model	based	on	the	following:		
• An	average	thickness	of	1nm	amounts	to	2-4	atomic	layers,	and	the	film	is	likely	to	be	discontinuous	 at	 this	 coverage.	The	 first	 1-2	of	which	 are	 going	 to	be	 in	 the	 form	of	TixOy	from	binding	to	the	oxygen	in	the	substrate	and	the	top	1-2	layers	will	be	alloyed	with	 gold.	 This	 leaves	 a	 layer	 of	 0-2	 atoms	 thick	 with	 poorly	 defined	 optical	 and	thermal	properties.	
• It	was	demonstrated	that	addition	of	the	adhesion	metal	to	the	gold-sapphire	interface	could	 reduce	 the	 thermal	 boundary	 resistance	 at	 room	 temperature.8	 We	 do	 not	observe	 this	 effect,	which	 serves	 as	 an	 incidental	 evidence	 to	 support	 that	we	 don't	have	a	properly	formed	continuous	layer	of	Ti	with	well-defined	bulk	properties.	
• An	estimate	of	the	device	temperature	based	on	the	ratio	between	the	anti-Stokes	and	Stokes	 Raman	 background	 level	 yields	 nanowire	 temperature	 of	 130	 ±	 10K	 at	maximum	 incident	 laser	 intensity.	 This	 number	 agrees	 well	 with	 model	 without	 Ti	layer.	Below	we	demonstrate	the	effects	of	the	inclusion	of	the	additional	1nm	Ti	layer	using	the	room	temperature	bulk	material	properties.	The	latter	serves	as	an	upper	boundary	for	possible	additional	dissipation.	
	
Fig.	 S11	Change	in	the	predicted	magnitude	of	heating	after	inclusion	in	the	model	of	the	1nm	Ti	adhesion	layer	for	SiO2/Si,	(a),	and	sapphire,	(b),	substrates.	Calculation	for	SiO2/Si	substrate	is	performed	using	full	coupling	model.					
References:	(1)		 Bouillard,	J.-S.	G.;	Dickson,	W.;	O’Connor,	D.	P.;	Wurtz,	G.	A.;	Zayats,	A.	V.	Low-Temperature	Plasmonics	of	Metallic	Nanostructures.	Nano	Lett.	2012,	12,	1561–1565.	(2)		 Ho,	C.	Y.;	Powell,	R.	W.;	Liley,	P.	E.	Thermal	Conductivity	of	the	Elements.	J.	Phys.	Chem.	
Ref.	Data	1972,	1,	279–421.	(3)		 Childs,	G.	E.;	Ericks,	L.	J.;	Powell,	R.	L.	Thermal	Conductivity	of	Solids	at	Room	
Temperature	and	below:	A	Review	and	Compilation	of	the	Literature;	National	Bureau	of	Standards.	(4)		 Lee,	D.	W.;	Kingery,	W.	D.	Radiation	Energy	Transfer	and	Thermal	Conductivity	of	Ceramic	Oxides.	J.	Am.	Ceram.	Soc.	1960,	43,	594–607.	(5)		 Berman,	R.;	Foster,	E.	L.;	Ziman,	J.	M.	Thermal	Conduction	in	Artificial	Sapphire	Crystals	at	Low	Temperatures.	I.	Nearly	Perfect	Crystals.	Proc.	R.	Soc.	Lond.	Math.	Phys.	
Eng.	Sci.	1955,	231,	130–144.	(6)		 Swartz,	E.	T.;	Pohl,	R.	O.	Thermal	Boundary	Resistance.	Rev.	Mod.	Phys.	1989,	61,	605–668.	(7)		 Swartz,	E.	T.;	Pohl,	R.	O.	Thermal	Resistance	at	Interfaces.	Appl.	Phys.	Lett.	1987,	51,	2200–2202.	(8)		 Jeong,	M.;	Freedman,	J.	P.;	Liang,	H.	J.;	Chow,	C.-M.;	Sokalski,	V.	M.;	Bain,	J.	A.;	Malen,	J.	A.	Enhancement	of	Thermal	Conductance	at	Metal-Dielectric	Interfaces	Using	Subnanometer	Metal	Adhesion	Layers.	Phys.	Rev.	Appl.	2016,	5,	014009.		 	
